If signals suggesting supersymmetry (SUSY) are discovered at the LHC then it will be vital to measure the spin of the new particles to demonstrate that they are indeed the predicted super-partners. A method is discussed by which the spins of some of the SUSY particles can be investigated. Angular distributions in sparticle decays lead to charge asymmetry in lepton-jet invariant mass distributions. The size of the asymmetry is proportional to the primary production asymmetry between squarks and anti-squarks. Monte Carlo simulations are performed for a particular mSUGRA model point at the LHC, demonstrating that the shape of the resultant asymmetry distributions are consistent with a spin-0 slepton and a spin-1 2χ 0 2 , but are not consistent with the pure phase-space decays one would obtain from both sparticles being scalars.
Spin correlations and charge asymmetry
In a paper [1] detailing the method by which spin correlations were added to the HERWIG [2, 3] Monte Carlo event generator, Peter Richardson indicated an example of part of a supersymmetric decay chain,
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in which spin correlations might have an interesting effect on the kinematics of the emitted particles.
When the decay of the slepton is also considered, ( fig. 1 ), the final state consists of two opposite-signed leptons of the same family, a quark jet, and missing energy from the undetectedχ 0 1 .
I first consider the distribution of invariant mass of the quark or anti-quark jet from the squark decay, and the lepton or anti-lepton from theχ 0 2 decay. Using the terminology of [4] , this lepton is known as the 'near' lepton, as opposed to the lepton from the slepton decay, which is called the 'far' lepton. Initially I investigate the parton-level distributions which one would obtain if the sign of the squark and the identity of the lepton were known. The complications arising from our inability to (a) distinguish which lepton came from which decay, and (b) measure the charge of the (s)quark are dealt with in sec. 4. In the approximation in which the quark and lepton are massless, and the SUSY particles are on-mass-shell, then the l near q invariant mass has a simple and direct interpretation in terms of the angle, θ * , between the quark and lepton in theχ
where p l and p q are the 3-momenta of the near lepton and the quark respectively in theχ 
As one would expect, for events in which m l near q is at its maximum value, sin 2 (θ * /2) = 1, i.e. θ * = π and the near lepton and the quark are back-toback in the rest frame of theχ If the spin correlations were ignored, and particles were allowed to decay according to phase-space, then the probability density function would be
where the rescaled invariant mass variable,m, is given bŷ
Taking spin correlations into account, there are extra spin projection factors in the amplitude of sin(θ * /2) or cos(θ * /2) depending on the helicities of the (anti)lepton and (anti)quark, so that for
and for l − q or l
The functional form of these distributions is shown in fig. 2 .
Parton level
I take as an example model the mSUGRA point with m 0 = 100 GeV, m1 2 = 300 GeV, A 0 = 300 GeV, tan β = 2.1 and µ > 0. For this point the decay chain ( fig. 1 ) has already been well investigated in the context of sparticle mass measurements [4, 5] . The mass spectrum and decay branching ratios were calculated with ISAJET-7.64. Some of the important sparticle masses are shown in table 1. The other significant point to mention in respect to this analysis is that theχ 0 2 is largely Wino, so the branching ratiosq R →χ 0 2 q are highly suppressed compared to the equivalent decays for the left-handed squarks. To examine the parton-level distributions, a small sample of events (≈ 2.5 fb −1 ) was generated using the Monte Carlo event generator HERWIG-6.505, with the leading-order parton distribution functions of MRST [6] (average of central and higher gluon).
There is an obvious difference between the l near q distributions for leptons and anti-leptons ( fig. 3a) . The differences between these shapes and those in the idealized distributions ( fig. 2 ) are largely due to sparticles being off their mass shells and contributions from the various different-mass squarks. This distinctive charge asymmetry is caused by spin correlations carried by the spin- However there are experimental difficulties in making such a measurement. As was noted in [1] , in the decay of an anti-squark the asymmetry in thẽ Table 1 Masses of selected particles (in GeV) for the model point investigated.
lepton charge distributions ( fig. 3b ) is in the opposite sense to that from squark decays. As it is experimentally unlikely that one could distinguish between a quark and an anti-quark jet at the LHC, only the sum of the lq and lq distributions can be considered to be observable. Thus, if equal numbers of squarks and anti-squarks were produced, the l near q distribution would be indistinguishable from the phase-space distribution, and no spin information could be obtained.
To get around this difficulty we recall that the LHC is a proton-proton collider, and so will favour the production of squarks above anti-squarks, which can then lead to a lepton charge asymmetry in the lq invariant mass distributions. To obtain an observable charge asymmetry it is required that significantly more squarks are produced than anti-squarks.
3q −q production asymmetry
In a pp collider, the production processes
will produce more squarks than anti-squarks. This is because the quark parton distribution function (PDF) is larger than that of the anti-quark because of presence of the valence quarks.
For a significantq −q asymmetry, the processes (8) must provide a significant contribution to the (anti)squark production. That is to say that they must not be much smaller than competing charge-symmetric processes such as→qq , gg →qq (9) or gluino pair production followed by decay to (anti)squarks. We must also check that the processes (8) sample the parton distribution functions in a region of x and µ 2 F where valence quark PDFs are significant. It is probably safe to assume that by the time SUSY spin measurements are being made at the LHC, the PDFs will be relatively well known from other measurements, e.g. electroweak boson production.
The Bjorken x 1,2 parameters, giving the fraction of the proton momenta carried by the initial state partons satisfy
where s is the usual Mandelstam variable. For the LHC, √ s = 14 TeV, and for the test point the invariant mass, M, for squark pair production is about 1.3 TeV, so the x i can be expected to be of the order of 0.1. This is confirmed from the values of x sampled by the Monte Carlo ( fig. 4b ).
In terms of producing aq −q asymmetry, it is to our advantage that at x ≈ 0.1 and Q 2 ∼ 1 TeV 2 the valence quark parton distribution functions are large ( fig. 4a) . The over-production of squarks relative to anti-squarks for the test point can be observed by comparing the normalisation of the lq and lq plots in fig. 3 , where it can be seen that approximately twice as many squarks are produced as anti-squarks for this point.
Experimental observables
Although the l near q invariant mass provides theoretically cleanest charge asymmetry due to spin correlations, with the experimental data it will not be possible to distinguish the near lepton (from theχ 0 2 decay) from the far lepton (from thel ± R decay) on an event-by-event basis. Since all of these signal events will contain two leptons of the same family but of different sign, what one can do experimentally is to look for asymmetries in the l + q and l − q distributions, each of which will contain contributions from both the near and the far lepton.
One might naively assume that the invariant mass distribution of the far (anti)-lepton with the (anti)quark would be free from spin-correlation effects, since this lepton originates from the decay of a scalar particle, thel ± R , which should wash out any spin effects. However the slepton itself has been produced in the decay of theχ 0 2 , and so has a boost relative to the quark jet which depends on its charge. To be explicit about the sense of the difference, recall that the near positive lepton favours being back-to-back with a q jet. This decreases the boost of the negative slepton relative to the q jet, and means that the invariant mass of the quark with a negative far lepton is on average smaller than with a positive lepton. The asymmetries in the l far q invariant mass distributions are shown in fig. 5a while the equivalent distributions from anti-squark decay, m l farq , are in fig. 5b .
The l + q and l − q distributions contain contributions from both near and far leptons, and from squark and anti-squark decays. We note that the spin information carried by theχ 0 2 causes an obvious difference in shape between these experimentally-accessible distributions ( fig. 6a) . The charge asymmetry in the differential cross-sections is defined here as
and is plotted in fig. 6b , as a function of m lq . This parameter is clearly not consistent with zero, indicating that at parton level the asymmetry survives contamination from anti-squark production, and the experimental lack of knowledge of near vs. far lepton.
To check that this asymmetry is robust, 500 fb −1 of events were generated with HERWIG at the same mSUGRA point, and passed through the ATLFAST-2.50 [7] detector simulation. The event selection, given explicitly in appendix A, requires high p T jets, missing transverse energy, and a pair of electrons or muons of opposite charge.
While the shape of the m l ± q distributions ( fig. 7a ) are modified by detector simulation and event selection, the cuts are charge-blind, and so the asymmetry function ( fig. 7b) retains the same approximate shape as at parton level.
1
Some smearing is apparent, but the fact that the asymmetry is negative at low m l near q and positive at high m l near q is very clear.
A nice contrast can be seen by making a cross-check in which spin correlations have been switched off in the Monte Carlo so that all particles decay according to pure phase-space. This produces no significant asymmetry ( fig. 7c) , and reflects in some sense the experimental expectation for a 'scalarχ It is worth adding that further spin information is available from the dilepton invariant mass distribution. This also has a kinematic limit, this time at
Since we are producing one lepton of either sign, and both are right-handed, one might expect that the angular distribution would show strong spin effects. However the scalar slepton removes all spin correlations between the leptons, and so the m l + l − distribution ( fig. 7d ) is in very good agreement with the triangular prediction of phase-space ( fig. 2 ). This agreement would be hard to explain except as a result of a heavy scalar particle carrying lepton number, and so increases our confidence that we understand the spins of the particles participating in the decay chain.
Conclusions
The method presented shows that it is possible to investigate the spins of some of the SUSY partners of standard model particles at the LHC. The charge asymmetry lends good supporting evidence to the hypothesis that one is observing supersymmetry and of the particular sparticles which we believe are participating in the decay chain. While this is not a precision measurement, it seems likely that it would be sufficient to exclude other 'straw-man' hypotheses, for example the Kaluza-Klein states in a universal extra dimensions model [8] .
One clear limitation of the method is that it requires a particular decay chain ( fig. 1 ) to exist with reasonably large statistics. Less obviously, there must be an initial asymmetry in the squark vs. anti-squark production cross-sections. It is likely that these two constraints will diminish the usefulness of the method in certain parts of parameter space, though no attempt has been made in this paper to find such regions, or to investigate other decay chains which would allow one to measure spin-related angular distributions there.
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A Event Selection
The cuts applied are taken directly from a previous analysis [4] in which it was emphasised that this selection had not been tuned to the particular mSUGRA point under investigation, and so could claim a degree of modelindependence. For real data, one would expect that charge-blind m l ± q and other invariant mass distributions would be investigated first. Thus one would measure the kinematic end-points and extract information on the mass of the various sparticles before any attempt to consider the lepton charge asymmetry and so get a handle on their spins. It is reasonable to expect that for real data, some tuning of selection parameters could be expected after the mass information had been extracted, though such a tuning has not been attempted here.
In brief, the selection requires:
• n leptons = 2, opposite sign, same family, both having p T ≥ 10 GeV.
• n jet ≥ 4, p 
